Decreased efficacy of antibiotics due to resistant pathogens has created a need for the development of more effective medical interventions. Despite the increasing prevalence of pathogens resistant to one or more drugs, identifying and enrolling participants into clinical trials that evaluate new interventions for the treatment of some diseases can be challenging given the low prevalence of disease in which there are no effective treatments. Thus researchers might be tempted to consider externally-controlled trials that may allow for a reduction of the necessary number of prospectively-identified trial participants, thus easing recruitment burden and resulting in more timely trial completion relative to randomized controlled trials. We discuss advantages and disadvantages in externally controlled trials and review requirements for a valid externally-controlled trial. As ECTs are subject to the bias of observational studies, the criteria for a valid ECT should be carefully evaluated before these designs are implemented. Given considerable variation in study results in the resistant pathogen setting, the lack of information on important patient characteristics that may confound estimates of treatment effects, as well as the improvements in medical practice and evolving antibiotic resistance, the use of ECTs in the resistant pathogen setting, is not recommended. ECTs should be should be limited to specific situations where superiority of the effect of the new intervention is dramatic, the usual course of the disease highly predictable, the endpoints are objective (e. g., all-cause mortality) and the impact of baseline and treatment variables on outcomes is well characterized. Given that the resistant pathogen setting does not satisfy these criteria, we conclude that that randomized clinical trials are needed to evaluate new treatments for resistant pathogens. Innovative approaches to trial design that may ease recruitment burden while evaluating the benefits and harms of new treatments are being developed and utilized.
Introduction
Decreased efficacy of antibiotics on reducing mortality and morbidity due to resistant pathogens has created a need for the development of more effective medical interventions. However despite the increasing prevalence of resistant pathogens, identifying and enrolling participants into clinical trials that evaluate new interventions for the treatment of some diseases can be challenging given the low prevalence of disease in which there are no effective options. Thus researchers might consider alternative designs that require fewer trial participants and can produce results more quickly but still maintain scientific validity. One design option for consideration is the use of externally-controlled trials (ECTs). In some situations, ECTs may allow for a reduction of the necessary number of prospectively-identified trial participants, thus easing recruitment burden and resulting in more timely trial completion relative to randomized controlled trials (RCTs). Can we use external controls to obtain valid evidence in the resistant pathogen setting?
Definitions
ECTs are non-randomized designs that can take one of two forms: (1) historical-controlled trials (HCTs), or (2) concurrent external controlled trials (CECTs). The difference between HCTs and CECTs is the time period in which control group data were collected -either retrospectively (for HCTs), e. g., from completed studies published in the medical literature or reviews of patient charts, or concurrently (CECTs) with the prospective data collection for test intervention arm participants. CECTS may provide information that is more relevant to current practice. During the analysis of ECTs, the external control is compared with the prospective test arm with respect to important endpoints of interest.
Advantages and Disadvantages of ECTs
An advantage of using ECTs is that the trial may require fewer prospectively enrolled participants due to the absence of a randomized concurrent control group and thus provides resource and time efficiency. However, if the hypothesized size of the treatment effect is conservative or more stringent criteria for statistical significance are used then there may be little difference between RCTs and ECTs with regard to the numbers of patients enrolled. ECTs are often considered in trials evaluating therapies to treat rare diseases when the patient pool is limited or when randomization to the control intervention is undesirable in the absence of effective treatments. In some situations it may also be easier to recruit potential trial participants for the prospective component of an ECT as participants may prefer knowing which intervention they will receive. In RCTs, participants do not have a choice regarding which intervention they receive. In RCTs, even after the intervention is assigned; participants may remain blinded to intervention assignment. Conversely participants enrolled prospectively into ECTs will be aware of their treatment assignment potentially making participation more attractive (Table  1) .
The major drawback of ECTs is that they are non-randomized studies. Randomization is the foundation for statistical inference, providing the theoretical foundation for valid estimation of treatment effects and the testing of hypotheses. Randomization ensures the expectation of between-arm balance with respect to all factors, known or unknown, measured or unmeasured. Without randomization, estimates of treatment effects can be seriously biased and tests of treatment effects invalid. Because they are non-randomized studies, ECTs are potentially vulnerable to all of the biases of observational studies.
Bias can occur if the controls systematically differ from the prospective test group with regard to important factors in a manner that can affect outcome. Differences can occur due to participant selection (e. g., patients with more favorable prognosis or lesser disease severity are selected for the prospective component of the trial but poor risk patients are not enthusiastically recruited or are excluded due to knowledge of the outcome), supportive care, concomitant therapies, follow-up strategies, and evaluation methods. It can also be challenging to define a "time zero" representing a baseline in the external component of the ECT, to align with time zero in the prospective component of the study. If the ECT is an HCT, then bias may occur due to factors that have changed since the time the historical control group data were collected (e. g., improvement in medical practice and patient standard of care, diagnostic criteria, or referral patterns). Furthermore ECTs are not blinded and thus are subject to bias when eligibility for enrollment, inclusion in analyses, or outcomes are assessed by clinicians or patients. In ECTs, clinicians may also selectively prescribe additional therapies given the knowledge or the treatment assignment. ECTs utilizing "control groups" that are not well-defined and based on "general knowledge" are particularly problematic given the inability to compare patient characteristics between the test intervention group and external control group. Researchers should try to identify participants for the ECT control group who otherwise would meet entry criteria for an RCT.
ECTs have been used rarely in clinical trials for late-stage drug development due to the concerns for these potential biases. International guidance (International Conference on Harmonization (ICH)-E10 (2000)) recommends reserving ECTs for specific situations where the effect of interventions is large and highly unlikely to be explained by other factors. For example in the pre-antibiotic era, bacterial endocarditis had a 100 % mortality rate (but prior to early diagnosis by echocardiogram and other changes in supportive care and surgery). A large reduction in mortality in an ECT compared to a current external control group might be convincing. International Conference on Harmonization (ICH)-E10 (2000) also recommends that the usual course of the disease is highly predictable and independent of patient factors. It is further recommended that ECTs be limited to cases in which the endpoints are objective (e. g. all-cause mortality, or relapse of disease if rigorously defined on objective criteria) to avoid subjective evaluations given the unblinded nature of ECT trials. During consideration of conducting an ECT, researchers should carefully evaluate the requirements for a valid ECT (Table 2) . 
Disadvantages
Non-randomized studies, thus subject to the biases of observational studies -Bias can occur if the external controls systematically differ from the prospective group in a manner that can affect outcome (e. g., differences due to participant selection (e. g., patients with more favorable prognosis or disease severity are selected for the prospective trial but poor risk patients are not enthusiastically recruited; differing demographics), supporting care, concomitant therapies, follow-up, and evaluation methods) -If the external controls are historical instead of concurrent, then bias may occur due to factors that have changed since the time that historical study was conducted (e. g., improvement in medical practice, diagnostic criteria, or referral patterns) -Not blinded and thus are subject to selective entry as well as patient and evaluator bias when assessing eligibility and outcomes -Biases cannot be completely addressed using modern statistical methodologies Table 2 : Requirements for a valid externally-controlled trial.
The control group has received a well-defined treatment -
The control group was either: (1) concurrent, or (2) historical but disease and treatment conditions have not changed since the historical study was conducted -
The criteria for eligibility, observation, and evaluation methodology are the same for both groups -
The external study collected high-quality and reliable data -Patient-level data on known confounding variables are available for analyses -There are no unknown confounders -The statistical model used to control for confounding is correctly specified -External studies demonstrate consistent and reproducible results -If between-group differences in prognostic variables exist, then they are not of sufficient magnitude to explain observed differences in outcome -Endpoints are objective (e. g., all-cause mortality) 
The Validity of ECTs
Research suggests that ECTs tend to produce "positive" results more frequently than RCTs. Sacks et al. (Sacks, Chalmers, and Smith 1982) reviewed 50 RCTs and 56 HCTs evaluating the same six therapies and found 79 % of the HCTs but only 20 % of the RCTs demonstrated superiority of the test group to the control. These differences were largely due to the worse outcomes in the control groups in HCTs compared to the corresponding control groups in RCTs. This is not surprising since RCTs typically have more select entry criteria than the control groups in HCTs (i. e., RCTs typically exclude seriously ill patients but such patients may be included in the control groups of HCTs). The infectious disease community may be familiar with the story of patulin, a metabolic product of Penicillium patulum Bainier which illustrates the issues with ECTs. Patulin was studied for the treatment of the common cold in a non-randomized, concurrent externally controlled (patulin in buffer vs. buffer alone) clinical trial of 180 subjects in 1943. The number of subjects that improved on subjective non-standardized assessments of symptoms at 48 h in the patulin in buffer arm was 55/95 (58 %) vs. 8/85 (9.4 %) in buffer alone arm, representing a difference of 48 %, 95 % CI=(35 %, 60 %), p<0.002. The dramatic results triggered a follow-up study, a randomized, controlled, double-blind trial in 1,449 factory and postal workers, one of the first randomized trials ever. The results of this trial were quite different. The number of subjects cured at 48 h in the patulin in buffer arm was 87/668 (13 %) vs. 88/680 (13 %) in the buffer alone arm, resulting in a difference of 0 %, 95 % CI=(-3.6 %, 3.8 %), p = 0.96 (Patulin Clinical Trials Committee 2004; Lancet 1943) .
Other examples of HCTs and RCTs having reached differing conclusions include the Women's Health Initiative in which RCTs revealed that post-menopausal hormone supplementation provided an adverse effect on cardiovascular outcomes in contrast to HCTs that found beneficial effects on cardiovascular outcomes (Writing Group for the Women's Health Initiative Investigators 2002). Nobel Laureate Linus Pauling published results of HCTs indicating that high-dose vitamin C lengthened survival among pre-terminal cancer patients (Cameron and Pauling 1976; 1978) . However a RCT concluded no such benefit (Moertel, Fleming, and Creagan 1985) .
The validity of an ECT depends on the assumption that controls have the same distribution of important baseline characteristics compared to the participants in the test intervention arm. Appropriate analyses include a between-group comparison of these characteristics that can potentially confound the results if imbalanced. Frequently the assumption of a balance of important baseline factors does not hold or is difficult to confirm.
Statistical methods that adjust for the potentially confounding effects of imbalances are often utilized. For example, propensity scores may be used to adjust for differences in patient characteristics based on baseline characteristics that are known and measured. Study participants are stratified by their propensity score, investigators compare patients within a propensity score, and results are pooled across propensity categories. Multivariable regression modeling, stratification, restriction, matching, or instrumental variable methods may also be utilized (Stafford et al. 2014) . Most of these adjustments require raw patient-level data, which are sometimes unavailable for the controls. Unfortunately using modern statistical methodologies cannot completely address the biases associated with ECTs and invariably depend on untestable assumptions. Some important factors may be beyond our current medical understanding and thus unknown or may not have been measured in the ECT (i. e., known and measured variables are only the tip of the iceberg) resulting in unmeasured confounding and making it impossible to adjust for these factors. For example, a recent study evaluated the differences in outcomes between RCTs and observational studies studying the effects of hormone replacement therapy. Despite adjusting for more than 900 baseline variables, differences in outcomes between the two designs were unable to be explained (Hartz, He, and Wallace 2013) .
Can We Use ECTs in the Resistant-Pathogen Setting?
The requirements for a valid ECT are challenging to demonstrate in the resistant-pathogen setting. For many infectious diseases even in the setting of susceptible pathogens, patient factors (e. g., age, severity of illness) play an important role in explaining observed outcomes independent of the infecting pathogen. Unfortunately many important variables were not measured in historical studies, making it impossible to control for these factors if this information was used in a future ECT.
In addition, medical practice is constantly changing. In a 10-year longitudinal study conducted at a single ICU (Rosenberger, Lapper, and Sawyer 2012) , the mortality rate decreased despite the rise of resistant bacterial infections. The authors attributed the decrease in mortality to improvements in technology and critical care. Supportive care other than antibiotics may also impact outcomes and differ geographically as noted recently in Ebola Virus Disease (Cox, Borio, and Temple 2014) . Such improvements in standard medical practice would confound the results of HCTs such that observed decreases in mortality could not be attributed to the interventions being tested.
Resistance patterns are also constantly evolving. Trials conducted in the future will be conducted in diseases caused by organisms with different resistance profiles and different patient characteristics compared to past trials. This again would violate the requirement that controls and test group participants should have the same distributions of important baseline factors. Of note the temporal and geographic variation of disease also makes this disease area unsuitable for response adaptive randomization. Revision of the randomization ratio could threaten the expectation of balance of temporal and geographic factors originally ensured by randomization.
As with the case with pneumococcal pneumonia in the 1940s, current evidence in the resistant pathogen setting indicates that historical studies display inconsistent results on objective outcomes such as all-cause mortality, challenging the validity of an HCT. Researchers may assume that in the setting of resistance to all available antibiotics, that the mortality rate will be consistently high. However, a meta-analysis of deaths attributable to carbapenem-resistant Enterobacteriaceae infections (Falagas et al. 2014) showed non-uniform failure and substantial variation in mortality outcomes, with point estimates for survival ranging from 6 % to 70 % across nine studies. Given the clinical heterogeneity and variation of mortality outcomes in these settings, the interpretation of the results of future HCTs would be very difficult to put into context and interpret.
Can RCTs be Done?
Given the inadequacies of ECTs for evaluating interventions for resistant infections, it is important to focus on developing innovative approaches to conducting RCTs.
Many claim that RCTs will be unable to enroll enough trial participants as some studies have struggled with slow accrual rates. However this appears to be in conflict with the observation that resistant pathogens are becoming increasingly common. It is also difficult to understand why an RCT would not be able to be conducted but a study using concurrent external controls would be feasible.
One challenge to completing enrollment in trials evaluating treatments for resistant pathogens has been on the use of noninferiority (NI) clinical trial designs. NI designs often have strict entry criteria (e. g., limitations on prior therapy) to preserve assay sensitivity, a requirement for valid NI trials, and may require large sample sizes. If superiority trials could be conducted then less strict entry criteria could be implemented and sample sizes may be reduced.
Despite the challenges of enrollment faced by prior RCTs, RCTs can be conducted in the resistant pathogen setting. Innovative statistical approaches as well as improved design and study planning can help to accomplish this goal.
Innovative statistical methodologies Follmann 2015 and 2016) that evaluate the effects of interventions for the treatment of infections due to resistant pathogens are being developed and applied. The methodologies may reduce the required sample sizes and utilize superiority designs, allowing for more liberal entry criteria (e. g., reduced prior therapy restrictions). For example, Evans and Follmann (2016) introduce the "partial credit" design and discuss an example of a trial evaluating a new intervention to treat resistant infections. The new intervention was hypothesized to have efficacy advantages as well as reduced toxicity. Use of a composite benefit:risk outcome comprised of efficacy and toxicity potentially allows for reduced sample size and synthesized evaluation of benefits and harms with a superiority design. The Antibacterial Resistance Leadership Group (ARLG) is designing a trial using the partial credit strategy.
Future work might evaluate whether data from RCTs can be augmented by external data in selected cases for resistant pathogens. For example, in sites expecting to enroll in a future RCT, observational data might be collected to gain knowledge of temporal and geographic variation of disease and patient characteristics that affect outcomes. These data may inform control for confounding when augmenting future RCT data with external data from the same sites utilized in the RCT.
A site recruitment strategy could utilize high-performing sites from recent studies and leverage existing networks such as the Antibacterial Resistance Leadership Group (ARLG) and the Combatting Bacterial Resistance in Europe -Carbapenem Resistance (COMBACTE-CARE). Emerging rapid diagnostics may help target high-risk patients.
Conclusions
ECTs are subject to the bias of observational studies. The criteria for a valid ECT should be carefully evaluated before these designs are chosen and implemented. Misleading information resulting from misguided ECTs could be worse than having limited data since patients could be harmed as a result of erroneous conclusions. Theoretically an ECT could be valid in a resistant-pathogen setting if outcomes were uniform on an objective endpoint such as all-cause mortality and independent of patient factors, and if the control group received the best current standard of care and was matched closely for enrollment criteria and other supportive care to evaluate the superiority of a new intervention. Noninferiority hypotheses would not be appropriate since in the setting of noninferiority, patients already have an effective intervention (the control drug) and the biases of an ECT would not be ethically or scientifically acceptable.
However we are not aware of scenarios in the resistant pathogen setting where these criteria for valid ECTs are met or are likely to be arise in the near future. Given the considerable variation in study results in the resistant pathogen setting, the lack of information on important patient characteristics that may confound estimates of treatment effects, as well as the improvements in medical practice and evolving antibiotic resistance, the use of ECTs in the resistant pathogen setting is not recommended.
Given the issues with non-randomized evidence, it is important to focus on developing innovative approaches to RCTs. Methodologies such as "partial credit" and use of superiority designs are being developed and employed.
